Although treadmill exercise involves a more familiar range of motions and is thus more physiological in terms of daily activity than cycle ergometer exercise, difficulties in controlling the exercise intensity have limited its utility. As heart rate (HR) has been used as a measure of exercise intensity, controlling HR should allow for the proper control of exercise intensity during treadmill exercise. Thus, a servo-controller framework was applied to regulate HR during treadmill exercise. After estimating an averaged transfer function from speed command to HR, feedback parameters were optimized via a computer simulation in order to achieve a quick and stable HR response. The performance of the servo-controller of HR was then examined in 10 healthy subjects. Standard deviations of the steady-state difference between the target and measured HRs were 2.7±0.9 and 5.0±1.4 beats/min in the stepwise and ramp target HR protocols, respectively. The rise time to reach 90% of the target HR was 93±20 s in the stepwise protocol. It was concluded that a treadmill implemented with a negative feedback mechanism made it possible to precisely regulate HR and thus exercise intensity. (Jpn Circ J 1999; 63: 945 -950) 
readmill exercise involves a more familiar range of motions and is thus more physiological in terms of daily activity than cycle ergometer exercise. Greater muscle mass is involved in treadmill exercise as evidenced by a higher peak oxygen uptake relative to cycle ergometer exercise. [1] [2] [3] However, difficulties in prescribing exercise intensity have limited the utility of the treadmill in the field of exercise training. The exercise intensity of treadmill exercise depends not only on the speed and elevation of the treadmill, but also on the weight, height and exercise mode of the subjects, the latter including whether the subject is walking or running, holding a handrail or not during the exercise etc.
Aside from exercise training, Myers et al demonstrated that ramp treadmill testing with speed individualized to each subject met the requirements of optimizing test duration and exercise intensity and thus enabled a consistent interpretation of hemodynamic, electrocardiographic, and ventilatory gas exchange responses. 2, 4, 5 However, in those studies, preliminary testing was necessary to determine the individualized ramp speed. Furthermore, the protocol was reportedly empirical and relied upon the intuition of the investigators to some extent.
To overcome this problem, we applied a servo-controller framework to regulate heart rate (HR) during treadmill exercise. As HR has been used as a measure of exercise intensity, controlling it should allow for the proper prescription of exercise intensity. In contrast to most of the so-called HR control mechanisms implemented in cycle ergometers, we took into account the dynamic HR response to exercise in the algorithm of the servo-controller thereby avoiding overshoot or oscillation in HR control. Although exercise intensity depends on both the speed and elevation of the treadmill, we attempted to control HR by speed alone in the present study. Fig 1 shows the frequency domain expression of the block diagram of the HR servo-controller based on a negative feedback mechanism. The servo-controller measures HR, compares it with the prescribed target HR, and adjusts the treadmill speed to minimize any difference between the 2 signals. Mathematical descriptions of the servo-mechanism are as follows.
Methods

Principle of a HR Servo-Controller
G(ƒ) is the transfer function that characterizes the HR response to the speed command SP(ƒ) and includes the mechanical characteristics of the actual treadmill speed response to the speed command and the biological characteristics of the HR response to the treadmill speed. The HR response (HR(ƒ)) is expressed as HR(ƒ) = G(ƒ) SP(ƒ) + HRn(ƒ) [1] where ƒ indicates frequency and HRn(ƒ) indicates the HR variation independent of exercise. Sources of HRn(ƒ) may include respiratory sinus arrhythmia and emotional changes etc. C(ƒ) represents the transfer function of the feedback controller that appropriately translates the difference between the target and measured HR into the speed command. Using C(ƒ), SP(ƒ) is expressed as SP(ƒ) = C(ƒ) (HRt(ƒ) -HR(ƒ)) [2] where HRt(ƒ) is the target HR. Substituting for SP(ƒ) in [1] Japanese Circulation Journal Vol.63, December 1999 with [2] and rearranging it for HR(ƒ) yields
The first term of [3] indicates that, if C(ƒ) is appropriately chosen so that G(ƒ) C(ƒ) is far larger than unity, HR(ƒ) approximates HRt(ƒ). Under this condition, the second term indicates that HRn(ƒ) would be attenuated.
In order to match the steady-state HR to the target HR, we adopted a framework of proportional-integrative (PI) feedback controllers. 6 In the PI controller, the difference between the target and measured HR is scaled by a gain factor of Kp. The difference is also integrated with a gain factor of Ki. The transfer function of the PI controller (C(ƒ)) is expressed as where s is the Laplace operator and j is the imaginary unit. We determined optimal values of Kp and Ki using a computer simulation.
Study Subjects
We studied 10 healthy volunteers (8 males, 2 females) whose ages ranged from 20 to 40 years (mean ± SD, 30±6).
Protocols
We recorded an electrocardiogram at a sampling rate of 1 kHz through an analog-to-digital converter (AD12-16D98H, Contec, Tokyo). Instantaneous HR is measured by on-line detection of the R wave using a dedicated laboratory computer system (PC-9801, NEC, Tokyo). We used a computer controllable treadmill equipped with an RS-232C serial port (model Labordo Z, Senoh, Tokyo). We fixed the treadmill elevation at 10%.
The study consisted of 3 protocols. In Protocol 1, we determined the transfer function from the speed command to the HR response. We randomly assigned a speed command of either 20 or 200 m/min every 5 s according to pseudo-random binary sequences. 7, 8 We recorded HR and the speed command signal for 20 min at a sampling rate of 4 Hz.
In Protocol 2, we examined the performance of the
developed HR servo-controller using a stepwise target HR exercise. The step size was set at about 40 beats/min above the baseline HR. We observed the HR response for 8 min.
In Protocol 3, we also examined the performance of the HR servo-controller by imposing a ramp target HR. The peak target HR was set so that 80% of the age predicted maximum HR ((220-age) beats/min) was attained at 8 min.
Data Analysis
In Protocol 1, to obtain the transfer function that characterizes the dynamic HR response to speed command, we treated the speed command as the input, and HR as the output of the system. We segmented the time series into half-overlapping segments of 1024 points (256 s) each. After removing a linear trend and applying Hanning window in each segment, we performed the fast Fourier transformation 9 to obtain frequency spectra of the speed command and HR. We then ensemble averaged the power of speed command (SSP·SP(ƒ)), the power of HR (SHR·HR(ƒ)), and the crosspower between the 2 signals (SHR·SP(ƒ)) over 6 segments. 10 We obtained the transfer function (G(ƒ)) using the following equation: 7 The magnitude squared coherence function (Coh(ƒ)), which represents a linear dependence between the speed command and HR, is also calculated by the following equation: 7 Based on the estimated G(ƒ), we numerically simulated the HR response to a stepwise change in the target HR (using Matlab; The Mathwork Inc, Natick, MA, USA). We optimized the feedback parameters, Kp and Ki, so that the speed and stability of the HR response were simultaneously achieved while halving or doubling the gain in the transfer function. Such robustness in the servo-controller was essential to compensate for potential inter-individual differences in the HR response to the treadmill speed.
In Protocol 2, we calculated the following parameters in order to evaluate the accuracy of HR control by the devel-
Block diagram of the HR servo-controller based on a negative feedback mechanism. HR(ƒ), HRt(ƒ), and HRn(ƒ) represent, respectively, the measured HR, the target HR, and HR variation independent of the exercise. SP(ƒ), speed command for the treadmill; G(ƒ), transfer function that characterizes the HR response to speed command; C(ƒ), controller of proportional-integral regulation. Kp and Ki are the proportional and integral gain factors, respectively. ƒ, frequency; s, Laplace operator. The controller automatically adjusts the speed command to minimize the difference between the target and measured HRs.
oped servo-controller: the time required for HR to reach 90% of the target HR (T90), and the standard deviation of the steady-state difference between the target and measured HR (SDSS). Specifically, T90 is determined as a point at which the measured HR increase reached 90% of the target HR increase. As the measured HR reached steady state within 3 min in all the subjects, SDSS was calculated over a period of 3-8 min. In Protocol 3, we also calculated SDSS over a period of 3-8 min. Although the speed command was changed abruptly according to a pseudo-random binary sequence, the actual treadmill speed changed gradually because of a built-in rate limiter in the treadmill (2 (m/min)/s) that was put in as a safety feature. As expected, increasing the treadmill speed increased HR and decreasing it decreased HR. Although changes in HR almost paralleled those in the treadmill speed, the high-frequency fluctuations of HR and treadmill speed did not match each other. Fig 2B shows the average transfer function from speed command to the HR response obtained from Protocol 1. Gain at the lowest frequency was approximately 0.6 beats· min -1 ·(m/min) -1 , which then decreased as the frequency increased. As a result of the treadmill's built-in rate limiter, no steady-state gain was observed. As shown in the phase plot, the phase did not reach zero radians even in the lowest frequencies because of the rate limiter. The phase delayed as the frequency increased, indicating the involvement of a low-pass filter. The coherence indicates a moderate linearity between the speed command and HR in the frequency range of 0.004-0.02 Hz. In order to simulate the HR response during the treadmill exercise, we approximated the transfer function as a sequential connection of the rate limiter and a first-order low-pass filter. Fig 3 illustrates the simulated HR, speed command, and treadmill speed in response to a stepwise change in the target HR under various combinations of the feedback parameters, Kp and Ki. In these simulations, the baseline and the target HR were set at 60 and 100 beats/min, respectively. Fig 3A shows that if the proportional gain alone is used, the servo-controller is unable to match the resultant HR to the target HR. The speed command shows a maximum value at the onset of the exercise, which eventually decreases to a steady state. As a result of the built-in rate limiter, the treadmill speed shows a peak value at around 1 min. As shown in Fig 3B, when the integral feedback is added the stepwise response of HR asymptotically reaches the target HR. The speed command and the treadmill speed gradually increase and reach steady states. As shown in Fig 3C, however, an integral gain that is too large causes an overshooting of the HR response. When this happens, the speed command and the treadmill speed also show overshooting. Numerical simulation studies indicated that the HR response became rapid and stable at Kp = 1.5 and Ki = 0.035. (beats/min) and the actual treadmill speed (m/min). In all 4 cases, HR reached the target level within about 2 min and remained at that level. Note that the treadmill speed was changing dynamically and its time course differed among subjects due to a feedback regulation. Fig 4B shows the averaged HR response pooled for the 10 healthy subjects. The ordinate indicates a difference between the target and measured HRs. T90 and SDSS were 93±20 s and 2.7±0.9 beats/min, respectively. Fig 5 summarizes the results obtained from the ramp target HR exercise in Protocol 3. Fig 5A shows the representative recordings. The ordinate labels represent both the HR (beats/min) and the actual treadmill speed (m/min). In all 4 cases, HR approximated the target HR within about 1 min and then tracked the target HR. The treadmill speed was dynamically adjusted to achieve the ramp target HR. The time course of the treadmill speed differed among subjects. Fig 5B shows the averaged difference between the target and measured HRs pooled for the 10 healthy subjects. The difference decreased toward zero and reached a steady state within about 1 min. SDSS was 5.0±1.4 beats/min.
Discussion
We have shown that a feedback mechanism made quantitative loading possible during the treadmill exercise in healthy subjects. Despite underlying inter-individual differences in the transfer function that characterizes the HR response to the treadmill speed, the PI regulation worked reasonably well in achieving rapid and stable HR control. Once the target HR was specified, the treadmill speed was automatically individualized to each subject through the feedback mechanism.
Performance of the Developed Device
Although we implemented a servo-controller with fixed feedback parameters (Kp = 1.5 and Ki = 0.035), the servocontroller worked reasonably well for all the subjects in the stepwise target HR protocol (Fig 4) . Thus, the HR servocontroller could compensate for inter-individual differences in the dynamic HR response to the treadmill speed. This successful control was attributable to the optimal feedback parameters determined through an intensive numerical simulation.
Although the results revealed precise control of HR in each subject, such strict HR control might not be required during exercise training. Nevertheless, what is most important in the present study is that the HR servo-controller could compensate for inter-individual differences of HR response to the treadmill exercise. In addition, HR did not exceed the prescribed target HR too much. Such a property of keeping the prescribed maximum HR might be advantageous during exercise training for cardiac rehabilitation.
The developed HR servo-controller also worked well in the ramp target HR protocol (Fig 5) . In contrast to the stepwise target HR protocol, however, the difference between the target and measured HR did not completely disappear and the measured HR remained below the target HR (Fig 5B) . Although this phenomenon was theoretically predictable, we did not further refine the servo-controller given that the steady-state difference of measured and target HR was within the acceptable range for practical use.
Application of the Developed Device
As treadmill exercise is more physiological than cycle ergometer exercise, it should be more effective in improving the functional capacity of cardiac patients. The exercise intensity suitable for the exercise training may change, even within an individual, in the course of long-term rehabilitation due to the physical conditioning effects. 11, 12 When the treadmill speed is fixed, the exercise HR would decrease as the exercise training proceeds, reflecting that the effective exercise intensity for the subject decreases. Using the HR servo-controller, however, the treadmill speed would automatically increase to a level where the prescribed target HR was achieved. As a result, the effective exercise intensity for the subject would be maintained.
In recent studies of exercise testing using a treadmill, investigators have demonstrated that too large or rapid an increment in the exercise intensity resulted in an overestimation of exercise capacity, with decreased reliability. 2, 4, 5, 13, 14 Myers et al demonstrated the advantages of an individualized ramp treadmill exercise test. 2, 4, 5 Using the HR servo-controller reported in the present study, we could precisely increase the HR according to a prescribed ramp target HR (Fig 5) . Accordingly, differences in exercise testing duration among subjects could be minimized.
Limitations
Although the HR servo-controller worked successfully for the healthy subjects in the present study, there are several limitations. First, in spite of the robustness of the servo-controller, the exercise intensity may not be controlled correctly in patients with severe arrhythmias. If the number of premature beats per minute is limited, however, the average HR would still approximate the target HR by virtue of the low-pass filter characteristics of the HR response to speed command.
Second, although the current results indicate that the developed system could compensate for inter-individual differences of HR response to exercise, if the HR response to a given exercise is too small, the accuracy of controlling the exercise intensity would be limited. Under this condition, a small difference in target HR would result in a large difference in exercise intensity. The HR response to exercise is attenuated to a variety of extent in patients with hypertension, diabetes, and heart failure etc, because of parasympathetic withdrawal. Some medications, such as diltiazem and -blockers, also affect the HR response to exercise. The application of the developed system to these patients was not examined and so should be avoided.
Third, even after the HR reaches the subject's maximum rate, the treadmill speed may continue to increase as long as the measured HR is below the target HR. If such a collapse of the negative feedback mechanism occurs, the exercise should be terminated manually. The problem will not occur, however, if the target HR is set properly according to each subject's physical condition.
Finally, in the present study, we focused on adjustment of the treadmill speed alone to control HR. However, treadmill elevation is also an important factor in determining the exercise intensity. Increasing the elevation is an effective way of increasing exercise intensity without increasing the speed, which would be beneficial for subjects who have difficulty in walking quickly. Future studies that investigate the effects of both the speed and elevation on the attainment of the HR control are needed.
In conclusion, we demonstrated that a HR servocontroller based on a negative feedback system works well in achieving a quick and stable HR control. This system would be beneficial in a quantitative loading of exercise intensity and thus in improving the efficacy of exercise training. In the case of exercise testing, the quantitative loading would result in a consistent interpretation of the subjects' responses.
